We present 5.5 and 9.0 GHz Australia Telescope Compact Array (ATCA) observations of the cluster MACSJ0417.5−1154, one of the most massive galaxy clusters and one of the brightest in X-ray in the Massive Cluster Survey (MACS). We estimate diffuse emission at 5.5 and 9.0 GHz from our ATCA observations, and compare the results with the 235 MHz and 610 MHz GMRT observations and 1575 MHz VLA observations. We also estimate the diffuse emission at low frequencies from existing GLEAM survey data (using the MWA telescope 1 ), and find that the steepening reported in earlier studies may have been an artefact of underestimates of diffuse emission at low frequencies. High-frequency radio observations of galaxy cluster mergers therefore provide an important complement to low-frequency observations, not only for a probing the 'on' and 'off' state of radio halos in these mergers, but also to constrain energetics of cluster mergers. We comment on the future directions that further studies of this cluster can take.
Introduction
Galaxy clusters, the most massive gravitationally bound objects in the universe, grow through collisions and mergers. Galaxy cluster mergers are characterized by cluster-wide magnetic fields, which, along with accelerating charged particles in the intracluster medium (ICM), may give rise to cluster-wide synchrotron emission (radio halos) as well as peripheral elongated shock-generated diffuse emission (radio relics).
X-ray data traces the thermal component of the gas in the cluster, and radio emission traces the non-thermal components, which, in the case of cluster mergers, has its origins in the merger shock-induced particle acceleration, and magnetic field enhancement (Brunetti and Jones 2014) .
Diffuse emission in cluster mergers (i.e. both radio halos and radio relics) has been well-studied in radio at a wide range of frequencies (see Feretti et al. (2012) ; Molnar (2015) ; Brunetti and Jones (2014) for reviews), and has yielded information about the dynamical states & merger histories of, and magnetic fields in cluster mergers. In the past decade, several cluster surveys, like the Massive Cluster Survey (MACS) have characterized the dynamical states of several cluster mergers -data from these surveys, combined with increases in bandwidth and consequently sensitivities of radio observatories (Wilson et al. (2011); Perley et al. (2011) ), have made the detection of diffuse emission in several cluster mergers possible. MACS J0417.5−1154 is a hot (T ∼11 keV), X-ray luminous (L X ∼ 3.66×10 45 ergs s −1 ) and one of the most massive (M ∼ 10 15 M sun , see Applegate et al. (2014) ) clusters that was discovered by MACS (Ebeling et al. 2010) . The first radio observations were done with GMRT at 235 and 610 MHz by Dwarakanath et al. (2011) , who were motivated by the peculiar nature of the cluster/merger, specifically the extremely flat spectrum of the diffuse emission in the cluster − the flattest observed so far between 235 and 610 MHz (Dwarakanath et al. 2011) . In both Dwarakanath et al. (2011) and Parekh et al. (2017) , the cluster shows diffuse emission in its centre, that is co-located with the X-ray emitting hot gas, and has a south-east to north-west extension. The cluster centre has two unresolved point sources, detected at 235 and 610 MHz (Dwarakanath et al. 2011 ) and also at 1575 MHz, from Very Large Array (VLA) observations (Parekh et al. 2017 ). Since the low-frequency end of diffuse emission in this cluster has been studied, we are interested primarily in pushing the high-frequency end. Our high-frequency radio observations constitute a complement to the work of Dwarakanath et al. (2011) and Parekh et al. (2017) .
We present our observations in §2, present the estimation of diffuse emission, and the spectrum thus obtained in §3, and discuss our results and future directions in §4.
Radio observations and Imaging
MACS J0417−1154 was observed for a total of 8 hours in the H168 array of the Australia Telescope Compact Array (ATCA), at 5.5 and 9.0 GHz. ATCA continuum mode with 1 MHz resolution (Wilson et al. 2011 ) with all four Stokes parameters and 2048 channels was used for these Sault et al. (2011 Sault et al. ( , 1995 for details). Radio frequency interference induced bad data was excised. The secondary/phase calibrator was observed once every 30 minutes to keep track of variations in phase due to atmospheric effects.
Our radio data reduction technique for ATCA data is described in Malu et al. (2016) ; we summarize the self-calibration steps here. Self-calibration was done in three steps of phase selfcalibration and one of amplitude & phase self-calibration. A natural weighted image at 5.5 GHz is shown in Fig.(1) , and at 9 GHz in Fig. (2) .
A natural weighted image with about 4 times the size as Fig.( 2) in Dwarakanath et al. (2011) is shown in Fig.(1) . The 9 GHz image in Fig. ( 2) has been convolved to the beam of the 5.5 GHz image in Fig. (1 (1) and (2) are low-resolution, i.e. they do not have data from Antenna 6 of ATCA (at a distance of ∼ 3-6 km from the rest of the array, depending on the array configuration). Baselines involving Antenna 6 are able to provide a resolution of up to 5 ′′ at 5.5 GHz and 2 ′′ at 9 GHz. Being low-resolution images, it is not possible to estimate the amount of diffuse emission without data from Antenna 6. These low-resolution images are useful for estimating large-scale diffuse emission.
In order to estimate the amount of diffuse emission in the cluster at 5.5 and 9 GHz, we adopted the following approach. 2) was estimated, at 5.5 and 9 GHz. To do this, the 9.0 GHz image was convolved to the beam size GHz. The best-fit spectral index is α = −1.45, denoted by a dotted red line. The dotted red line is the single spectral index fit from 0.15 to 9 GHz, considering the upper limit on the diffuse emission at 0.235 GHz, as deduced from the GLEAM survey. Notice that a two-index fit, as shown through a green-line fit from 0.15 to 0.61 GHz, and a blue-line fit from 0.61 to 9 GHz fits the data better. Of the two data points at 0.235 GHz, the lower one is from earlier texts, i.e. Parekh et al. (2017) , and the upper one is deduced from the GLEAM survey, as described in the text. The estimate at 0.15 GHz is deduced from the GLEAM and TGSS surveys, as described in the text.
of the 5.5 GHz image, i.e. 46.3 ′′ ×31.9 ′′ and PA 74.02 • .
2. Then, images were made with a synthesized beam of 3 ′′ at 5.5 and 2 ′′ at 9 GHz (the best resolution available at the two frequencies respectively, using Antenna 6 data to resolve out the two sources). Notice that the spectrum for both the sources steepens beyond 5.5 GHz. For this reason, the spectrum has been fit to a single spectral index up to 5.5 GHz. These single spectral index fits have been plotted down to 70 MHz.
(2017)) were estimated by Gaussian fitting.
4. Finally, the fluxes of A and B were subtracted from the total integrated flux of the central regions obtained from the 46.3 ′′ ×31.9 ′′ PA 74.02 • images at 5.5 and 9.0 GHz.
Flux density of the diffuse emission in the central region of the cluster thus estimated is presented in Table 2 , with details of the two point sources. 
Results
Diffuse emission obtained after subtracting estimated fluxes of the sources 'A' and 'B' is presented in Table ( 3) and as a spectrum, from 0.235 to 9.000 GHz, in Fig. (3) . The calculation of spectral index from Table 3 yields α 0.23 GHz 9.00 GHz =1.45
−0.06 -this is the best-fit spectral index for the entire spectrum, from 235 MHz to 9 GHz. However, as shown in Fig. (3) , two fits -one from 0.235 to 0.61 GHz, and the other from 0.61 GHz to 9 GHz -are a better fit to the data. Note from Fig. (3) that the spectrum is extremely flat at frequencies lower than 1 GHz, and then steepens very sharply, starting at 0.61 GHz. This sudden shift in the spectral index at 0.61 GHz that makes this a peculiar cluster. This sharp "knee", noticed by Parekh et al. (2017) , at 610 MHz, yields a spectral index of α = −1.72 +0.08 −0.10 , which appears to be a good fit up to 9 GHz, from Fig. (3) , and is consistent with the spectral index from 0.61 to 1.575 GHz from earlier low-frequency observations. Alternatively, the radio image (Fig. 6 ) from the GLEAM Survey (Wayth et al. 2015 ; Hurley-Walker et al. (2.5, 3, 5, 7, 9, 10, 11, 15) ×σ, where σ is 3 mJy/beam. 2017) suggests that the reported 235 MHz diffuse emission flux may have been underestimated. We found from the GLEAM survey images at 223-231 MHz that the total intensity in the central region of the cluster is ∼ 171 mJy, and the total flux of the two sources, from Parekh et al. (2017) , is ∼ 63 mJy. This would imply a total diffuse emission flux ∼ 108 mJy, which is significantly greater than the estimate of 77 mJy provided in Parekh et al. (2017) . Unlike Parekh et al. (2017) , we did find diffuse emission from TGSS . A total flux density of ∼ 154 mJy was found at 150 MHz in the central region, and a total flux density of ∼ 108 mJy was found for the two point sources A and B. We made estimates of point source fluxes of A and B at this frequency from the TGSS data and deduced the diffuse emission flux density, since the GLEAM survey provides images at 150 MHz as well. From the 150 MHz image, we deduced a total emission of ∼ 360 ± 90 mJy from the central region. This implies that the flux density of diffuse emission at 150 MHz is ∼ 250 mJy. These observations at 150-235 MHz from GLEAM may mean that the 'knee' in the spectrum at 610 MHz is not as dramatic as it appears to be, and that the sharp cutoff at 610 MHz is at least in part due to the underestimation of diffuse emission at 235 MHz.
As can be seen in Fig. 3 , the entire spectrum from 150 MHz to 9 GHz needs two-spectral-index fit, but the change in the spectral index is no longer sharp. Instead of the spectral index of −0.37 between 0.235 and 0.61 GHz, we now get a spectral index of −1.04
+0.35
−0.26 between 0.15 and 0.61 GHz, a change by a factor >2. The change to a spectral index of −1.72 +0.08 −0.10 , for 0.61 to 9 GHz, is significantly less dramatic.
Additionally, the spectrum of diffuse emission from lower frequencies has also been presented, as shown in Fig. (5) . In order to obtain the diffuse emission at frequencies ranging from 76 MHz to 222 MHz, the following approach was adopted. First, a single-spectral index was fitted to the spectrum of sources A and B, which is shown in Fig. (4) . This spectrum was then extrapolated to the frequency range 76-222 MHz, for both sources A and B. The total calculated flux for A and B was then subtracted from the measured flux of the central region of the cluster at these frequencies, from GLEAM data. In fitting the spectrum of the sources A and B to a single spectral index, frequencies up to 5.5 GHz were considered. This is because of the steepening of the spectrum, notes- * † These data points are quoted from Parekh et al. (2017) and Dwarakanath et al. (2011) . Data at 5500 and 9000 MHz above is estimated from the observations presented in this paper.
as can be seen in Fig. (4) at 5.5 GHz. Since we are interested in the low-frequency end of the spectrum, we do not include the 9 GHz data point while estimating the spectral indices, which are found to be −0.70 ± 0.07 and −0.62 ± 0.07 for the two sources A and B respectively. Fig. (4) shows these single spectral index fits for the two sources A and B, extended to 70 MHz.
Using the above method, the spectrum of the diffuse emission thus estimated, as shown in Fig.  (5) , can be fit with a single spectral index α = −1.45 ± 0.08, between 76 MHz and 9 GHz. This is not significantly different from the value of the spectral index estimated between 235 MHz and 9 GHz, as above. This shows that it is possible to fit a single spectral index to the entire dataset, from 76 MHz to 9 GHz. As can be seen from Fig. (5) , there are a few data points from the GLEAM data, for which diffuse emission may have been underestimated -using any of these data points, instead of the entire GLEAM dataset, may well lead to an appearance of spectral steepening.
Our estimates of diffuse emission in the cluster indicate that the spectrum at higher radio frequencies is consistent with the steep spectrum up to the L band, reported earlier Parekh et al. (2017) ; that is, there is no break in the spectrum from 1.575 to 9.000 GHz. Additionally, the estimates of diffuse emission we made from the GLEAM data further Considering this is one of the most massive and X-ray luminous clusters in MACS, it is curious that it contains little diffuse emission, indicating low activity in radio.
Discussion and Summary
We have presented 5.5 and 9.0 GHz observations of MACS J0417.5−1154, a hot, X-ray luminous, massive galaxy cluster with disturbed X-ray contours, using the H168 array of the ATCA, and found that diffuse emission is present at these two frequencies. Our data is able to constrain the diffuse emission present in the cluster, at 5.5 and 9.0 GHz. This cluster -which was earlier known to host a radio halo with one of the flattest spectra known -shows the peculiarity of one of the sharpest 'turn-off' point or 'knee' in the spectrum, at 610 MHz. Such 'knees' have been observed in other clusters (Brunetti et al. 2008) , though the sudden transition from such a flat spectrum to a steep one, is interesting.
We point out that the images in Parekh et al. (2017) , with a resolution of 20 ′′ ×20 ′′ , do not show any structure for the two sources 'A' and 'B'. It is, however, not clear what fraction, if any, of the diffuse emission in the central region is to be attributed to the two compact sources -which may be radio galaxies -and what fraction is part of the radio halo. Moreover, the spectral index in both radio halos and radio relics demonstrates large variations across the cluster. Unless the two sources are studied closely at multiple wavelengths, with high-resolution data, it may not be possible to make definite comments about the source of the diffuse emission in this cluster. Since we have subtracted the flux obtained at and in the vicinity of sources 'A' and 'B', our estimates of diffuse emission at 5.5 and 9.0 GHz are really lower limits.
While recent literature on the subject (Fujita et al. 2015; Kang and Ryu 2015) discusses spectral curvature, and how it is affected by the morphology of non-thermal particles, this spectrum does not indicate any curvature, but just a two-spectral index fit, with the second spectral index yielding an excellent fit to the data up to 9 GHz. In this context, ; Kang and Ryu (2016, 2015) have considered a cluster merger shock that passes through a small region containing fossil non-thermal electrons. They show that in such a scenario, the spectrum would be significantly steeper than expected through radiative cooling. Kang and Ryu (2015) consider such a model with the small region of fossil non-thermal particles elongated perpendicular to the direction of the shock, as a way to reproduce the spectral curvature of the "Sausage" radio relic (Stroe et al. 2014; Kang 2016) . Even though their model pertains to relic formation, it may be possible to use a model with a different morphology of the fossil non-thermal particles, in order to explain the hard break in the spectrum of MACS J0417−1154 at 610 MHz. point out the role of turbulent re-acceleration of cosmic ray (CR) electrons, which have been weakly accelerated by the cluster merger shock. They show that strong turbulence behind the shock can accelerate the CR electrons -this may be a possible reason for the spectral index continuing without a break from 0.61 to 9 GHz. A break at 0.61 GHz in this model may indicate a less energetic cluster merger.
The sudden steepening of the spectral index may be indicative of spectral aging, but the steepened spectrum extending from 0.61 to 9.00 GHz (i.e. more than an order of magnitude in frequency) is, to the best of our knowledge, unprecedented. This sharp change suggests that the integrated flux of this radio halo should be measured at frequencies between 235 and 1575 MHz, to study the steepening of the spectrum, and above 10 GHz, to study spectral curvature.
However, we have shown, through archival GLEAM and TGSS data, that the flux of diffuse emission may have been underestimated in earlier studies. This changes the behaviour of the spectrum considerably, from one that exhibits a sharp turnover at 0.61 GHz, to one that exhibits either a gentler steepening, or none at all, as can be seen from Fig. (5) . This gentle steepening may not require a unique, exotic explanation, and is likely a signature of a relatively new/young galaxy cluster merger, which seems to be the case here.
As mentioned earlier, diffuse emission may have been underestimated for a few of the lowfrequency GLEAM data points, in the range 170 MHz to 200 MHz -choosing data points in the range 76-235 MHz selectively may therefore lead to an appearance of steepening. In order to reliably remove the contribution of the two sources A and B, high-resolution data of the central cluster region is needed at these frequencies. This is where new low frequency surveys can play a critical role in confirming the spectral characteristics of the diffuse emission in this cluster.
In conclusion, we have shown, through data at 5.5 and 9 GHz from ATCA, that the cluster merger MACS J0417−1154 has several peculiarities in the synchrotron emission from its centre, and that these peculiarities point to a need to study both effects of fossil non-thermal electrons lurking in one of the clusters before the merger, as well as the role of turbulent re-acceleration in the formation of radio halos.
The aforesaid discussion assumes that the diffuse emission in the central region of this cluster is part of a radio halo, due to a cluster merger. However, the two sources in the central region may not be compact, and may have some diffuse emission associated with them, a detail that cannot be deduced from a simple Gaussian modeling of the sources, as in Parekh et al. (2017) . Additionally, diffuse emission at 235 MHz is likely underestimated, from the GLEAM survey data. This implies that the break in the spectrum is likely not as sharp as it appears to be. For these reasons, we stress the need for high-resolution multi-frequency images of the central region of this cluster, at frequencies in the range 0.2-1.57 GHz, in order to characterize the variation of the spectral index of diffuse emission.
Thus, the new low frequency surveys from MWA, GMRT and LOFAR are critical for a wellcalibrated study of diffuse emission in cluster mergers.
